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Abstract. Convection plays a key role in the evolution of stars due
to energy transport and mixing of composition. Despite its importance,
this process is still not well understood. One longstanding conundrum in
all 1D stellar evolution codes is the treatment of convective boundaries.
In this study we compare two convective uncertainties, the boundary
location (Ledoux versus Schwarzschild) and the amount of extra mixing,
and their impact on the early evolution of massive stars. With increasing
convective boundary mixing (CBM), we find a convergence of the two
different boundary locations, a decreasing blue to red super giant ratio
and a reduced importance of semiconvection.
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1 Introduction and Methodology
In the framework of the mixing-length theory (MLT) [1], the location of the con-
vective boundary is not defined and has to be determined by either the Ledoux
or the Schwarzschild criterion. In regions with a gradient in chemical composi-
tion, the two criteria differ, leading to a region mixed by semiconvection. The
process responsible and the efficiency of this mixing is a matter of debate.
Another source of significant uncertainty emerges from the treatment of CBM
which is not included in MLT. Several add-ons have been proposed to account
for the mixing of the boundary region, however, CBM is still an open question.
We calculated 15M, non-rotating stellar models at solar metallicity using the
MESA stellar evolution code [2–5]. All stellar models are computed several times,
once with the Schwarzschild and three times with the Ledoux criterion, the latter
with varied semiconvective efficiency. In the Ledoux models, we use the semicon-
vective formalism from [6] (their Eq. (10)), with the adjustable efficiency param-
eter αsc. In all models, we chose the exponentially decaying diffusive overshoot
description (Eq. (2) from [7]) to account for CBM, with the adjustable parameter
fCBM which determines the length scale of CBM in pressure scale height.
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(a) Ledoux, fCBM = 0.004, αsc = 0.04 (b) Schwarzschild, fCBM = 0.004
(c) Ledoux, fCBM = 0.022, αsc = 0.04 (d) Schwarzschild, fCBM = 0.022
Fig. 1: Structure evolution diagrams, illustrating the convective and burning his-
tory until helium depletion of some of the stellar models. The x-axis shows the
time left until the star begins to collapse. Blue shading indicates convective
zones, turquoise shading the CBM region, yellow shading the semiconvective
zones and the red gradient the nuclear energy generation rate (minus neutrino
losses). The zoom shows the intermediate convective zone which is crucial to
determine whether the model stays in the blue super giant (BSG) or crosses
directly to the red super giant (RSG) branch.
2 Discussion and Conclusions
In general, the extra mixing, either by CBM or semiconvection, smooths out the
gradients in temperature and chemical composition, stabilizing the region above
the hydrogen core against dynamical and vibrational instabilities, as shown in
Fig. 1. This reduces the differences between the two boundary criteria and they
start to converge. Further distinctions are:
i CBM starts to appreciably change the structure already for a small value of
fCBM (> 0.004).
ii The greatest influence of semiconvection is for no or very weak CBM. 3D
hydrodynamic simulation indicate a non-negligible amount of CBM [8], re-
ducing the occurrence and thus the importance of semiconvection.
iii The size of the helium core, which is an indicator of the further stellar evolu-
tion, depends on the strength of the extra mixing. Generally, a higher amount
of extra mixing results in larger helium cores.
Relative Importance of Convective Uncertainties 3
iv The extra mixing increases the main-sequence width. Moreover, all the Ledoux
models, and the Schwarzschild models with large amounts of CBM, cross
the Herzsprung-Russel diagram directly towards the RSG branch whereas
Schwarzschild models with no or less CBM spend time in the BSG branch.
This study illustrates the need to determine the amount of CBM, which might
reduce the discrepancy in stellar evolution due to the different boundary loca-
tions. Moreover, the time a star spends in the BSG branch before entering the
RSG branch depends strongly on the amount of extra mixing and the stability
criterion. This has crucial influence on the mass loss. These uncertainties can be
tackled with 3D hydrodynamic simulations and asteroseismology (e.g. [8–10]).
We will investigate the impact on nucleosynthesis and the advanced burning
stages in a future work.
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